We monitored bats hibernating in the Tatra Mountains during winters between 1997 and 2012. The Tatras are Central Europe's second-highest massif after the Alps. Our winter censuses identified 14 species of bats hibernating in caves of the Polish Tatras. The most characteristic features of these winter bat assemblages were the dominance of Myotis mystacinus and high numbers of Eptesicus nilssonii. During the monitoring period, we noted qualitative and quantitative changes in the hibernating bat fauna. Two thermophilous species not recorded earlier and absent during the entire Holocene appeared: Rhinolophus hipposideros and Myotis emarginatus. The abundance of M. mystacinus, M. daubentonii, E. nilssonii and Plecotus auritus increased. We found no such changes in the abundance of M. myotis or M. nattereri. The Tatra Mountains are a key region for the occurrence of bats of the mystacinus group (particularly M. mystacinus sensu stricto) in Europe, and for E. nilssonii an important region in Central Europe.
Introduction
In the last few decades, great changes in the abundance and distribution patterns of many plant and animal species have been observed [1] . In bats, these changes are particularly noticeable because their ability to fly gives them mobility and ease of migration [2] . Among the many factors triggering such changes are fragmentation and degradation of natural habitats, deforestation, destruction of roost sites, global environmental changes, natural disasters (fires, cyclones, flooding), diseases (e.g., white nose syndrome), pesticide poisoning, chemical pollution, silting of waterways, disturbance by biologists and caving enthusiasts, and hunting [2] [3] [4] [5] [6] . Since bats (particularly insectivorous ones) occupy high trophic levels and are vulnerable to these stressors, they may be an ideal indicator of environmental changes [2] . Appropriate and effective research methods are needed to assess these changes. Because bats are a very diverse group of mammals, a variety of methods are employed to evaluate changes in their abundance and distribution [7] . For temperate, cave-dwelling bats, long-term changes can be estimated by counting bats hibernating in winter. This method is simple, costeffective, and facilitates comparisons among datasets.
Studies and programs based on winter censuses have been carried out in Europe and North America, a number of which have lasted several decades [8-25 and many others]. A great number of projects of this typelocal, regional or supra-regional in scope -have been implemented in areas of low elevation. However, fewer projects are ongoing in high mountain areas, which are protected and are subject to fewer anthropogenic impacts.
The Tatra Mountains are Central Europe's highest massif and Europe's highest after the Alps. There is a long tradition of chiropterological studies in these mountains. The first mention of the bats of this region dates back to the late 19 th century [26] . The first data on bats hibernating in the Tatras were reported by
Experimental Procedures

Study area
The research was done in southern Poland in the Tatra Mountains [30] . The Tatra Mountains are protected as a national park and, run along the Polish-Slovakian border. The Polish part of the Tatras lies north of the border and is characterized by a high mountain temperate climate. Karst forms a large part of the southern Polish landscape but the Tatras are the only part of Poland where the karst is alpine. This area has 810 caves with corridors spanning a total of 130 km (http://www.kktj.pl/) constituting Poland's longest and deepest caves' region.
We surveyed 71 caves and two mines ( Figure 1 ). The majority of these caves are located in the Kościeliska Valley (35 caves), the adjacent Miętusia Valley (7) , and the Cracow Gorge (20) . The caves differ in elevation, size and microclimate. Most of the caves surveyed and the two mines are located in the forest belt at 1002-1465 m a.s.l. Only 11 infrequently penetrated caves are situated above the treeline (ca. 1500 m a.s.l.) up to 1907 m a.s.l. The caves monitored included large caves more than 10 km long and with a vertical of 500 m (e.g., Bandzioch Kominiarski Cave), small caves a few dozen meters long, vertical and horizontal caves, and caves with both small and large chambers. The caves we penetrated were at four climatic levels ranging from cool temperate to cold temperate. The microclimatic conditions in the Tatra caves are very severe, with air temperature ranging from below freezing to a maximum of 6°C. Some of the caves have stable microclimates, others are changeable, and some have a combination of sections with a variable microclimate and sections with stable conditions.
Winter monitoring
Monitoring was carried out throughout the calendar winter. However, a number of factors made it difficult to carry out the monitoring program within the time frames normally adopted in this type of study (the last decade of January or the first decade of February) [22] : changing weather, difficulties reaching the cave entrances (sometimes made impossible by thick snow cover burying the entrances), and the risk of avalanches. Also hampering the work was that additionally some of the caves are very large and technically difficult to monitor, requiring up to 48 hours of work.
Caves were checked once per season. In the course of these field surveys, we counted bats and identified species, taking care not to disturb hibernating bats. Because it was difficult to differentiate bats of the mystacinus group (Myotis mystacinus s.str., M. brandtii, M. alcathoe) during the winter surveys, we refer to them jointly as M. mystacinus sensu lato and report the census data together. We identified the bats of this group based on dead specimens collected in caves, spontaneously aroused bats bats that became active, and photographs. We assumed that M. oxygnathus does not occur in the Polish Tatras during the hibernation period, because in all of the several hundred cases in which we could examine the hibernating bats in detail to differentiate M. oxygnathus from M. myotis, they turned out to be M. myotis.
Long-term changes
To assess long-term changes in the population size of hibernating bats, we used data from 20 winter sites (see Appendix) monitored in all hibernation seasons between 1997 and 2012. About 65% of all counted bats hibernated in these caves; 82% of the winter censuses were carried out from 15 January to the end of February, that is, the period when the number of hibernating bats in the Polish Tatra caves is stable [31] .
Data analysis
The datasets for bat species and cave sites were analyzed with the software TRIM (Trends and Indices for Monitoring Data) ver. 3.54. We used log-linear Poisson regression analysis [32, 33] . A generalized linear model with serial correlation between annual counts as well as over-dispersion from Poisson observations was used to calculate population trends. We tested the the significance of the slope estimates the Wald test. Linear regression and correlation analyses were also done to examine changes in the abundance of particular species at different sites. We used Spearman's rank correlation test to test the relationships between variables. Linear regression, correlation analysis and non-parametric statistical analyses were done using Statistica for Windows ver. 9.0.
Results
Bat species richness and abundance
During bat censuses carried out between 1997-2012 in the Polish Tatras (628 field surveys), we recorded 17,902 bats from the following species or groups of species: the lesser horseshoe bat Rhinolophus hipposideros, the mouse-eared bat Myotis myotis, Bechstein's Bat M. bechsteinii, Natterer's bat M. nattereri, Geoffroy's bat M. emarginatus, the whiskered bat group M. mystacinus sensu lato, Daubenton's bat M. daubentonii, the pond bat M. dasycneme, the northern bat Eptesicus nilssonii, the serotine bat E. serotinus, the brown long-eared bat Plecotus auritus, the grey long-eared bat P. austriacus and the barbastelle bat Barbastella barbastellus.
In the mystacinus group, we noted M. mystacinus sensu stricto and M. brandtii. The bats of this group were the most numerous, comprising 61.9% of all bats recorded ( Table 1) . Large numbers of M. myotis (12.9%) and E. nilssonii (7.8%) were also recorded. Bats of the mystacinus group were also the most frequent (they were present in 77.5% of surveys). Also frequently observed were M. myotis (41.2%), E nilssonii (51.6%) and P. auritus (42.1%). The remaining species were found less frequently and in small numbers. A large group (1422 individuals) consisted of bats that could not be identified to a particular species or group of species. Within the mystacinus group, M. mystacinus sensu stricto clearly predominated (27 M. brandtii vs. 521 M. mystacinus sensu stricto). The majority of the bats (ca. 70%) hibernated in the seven largest hibernacula ( Table 2 ).
Long-term changes
In the 20 regularly surveyed caves and in the seven most important hibernacula, the total numbers of hibernating bats increased during the study period (Tables 3, 4 ). For individual taxa, the rate of increase was highest for bats from the mystacinus group (Tables 3, Figure 2c ). The abundance of M. daubentonii, E. nilssonii and P. auritus also increased, but only moderately (Table 3, Figure  2d ,e,f). The populations of M. myotis and M. nattereri remained stable (Table 3 , Figure 2a ,b). The remaining species were found occasionally during surveys, at too low abundance and frequency (Table 1) 
Discussion
Our research shows that bats frequently use the Tatras caves as their winter quarters despite the harsh microclimatic conditions in these caves and longer than in other areas.The bats are found not only in the largest caves offering stable microclimatic conditions, but also in smaller spaces with fluctuating microclimates.
Over the monitoring period, we found 14 of the 15 bat species that regularly hibernate, and 19 bat species documented to hibernate in caves in Poland [34] [35] [36] [37] .
The Tatra Mountains along with the Cracow Upland (where 18 bat taxa have been found to hibernate) [35] , and the Częstochowa Upland (with 15 species) [38] show the highest species richness of winter bat assembly in Poland. Highly psychrophilous species such as E. nilssonii, eurythermal ones (e.g., M. myotis, M. mystacinus and P. auritus) as well as thermophilous bats (Rh. hipposideros and M. emarginatus) hibernate in the Tatra caves. The most abundant taxa are those of the first two groups; thermophilous species occur in very small numbers (ca. 0.10% of all hibernating bats).
The most characteristic features of the bat fauna hibernating in the caves of the Tatra Mountains, is the predominance of bats of the mystacinus group and the high numbers of E. nilssonii. This feature distinguishes the Tatras not only from the other regions of Poland but also from the great majority of similar European regions. In Europe, this type of winter bat assemblage is known from Northern Europe, from Norway [39, 40] and the ice caves of Slovakia [41, 42] .
The Tatra Mountains seem to be a key hibernating region for M. mystacinus sensu lato (particularly M. mystacinus sensu stricto) and E nilssonii in this part of Europe. Apart from ice caves in Slovakia (for example the Dobšinská Ice Cave with a maximum 401 bats of the mystacinus group [41] and the Demänovské jaskyne Cave (Low Tatras) with a maximum of 238 wintering individuals recorded [42] ), the largest hibernacula of the Tatras are also the most important wintering places for this group of species in Europe. Besides the Low Tatra Mountains [42] , the Slovak Paradise [41] and Simon and Juda mines [12] , the Tatra Mountains are also one of Central Europe's most important wintering regions for E. nilssonii.
M. myotis is also relatively abundant in the Tatra caves. In comparison to other regions of Poland, the number of hibernating mouse-eared bats in the Tatras is not high. The Tatra Mountains seem to be a region of local importance for the species. The number of other species hibernating in the caves is small. An interesting finding is the presence of M. bechsteinii and M. dasycneme, which are rarely recorded in Poland during winter.
The dominance structure of the winter bat assemblage of the Tatra caves is particularly interesting when compared to other parts of the Polish Carpathians. In all the regions of the Outer Carpathians (Beskids), and the nearest mountain region, the Pieniny Mts, the most abundant (dominance up to 90%) is the thermophilous lesser horseshoe bat [43] [44] [45] [46] [47] , a species recorded in winter in the caves of the Tatra Mts only once.
In contrast the most abundant bat in the caves of the Tatras, M. mystacinus sensu lato, occurs rarely in the caves (up to 2.9% of all hibernating bats). E. nilssonii is absent from most of the regions. Only M. myotis has similar value of dominance in the Tatras and the other regions of the Polish Carpathians [43] [44] [45] [46] [47] .
The extent to which bats occupy hibernation sites depends on the local climate; in some parts of Europe, bats may be active through most of the winter season and their abundance fluctuates widely; in other places, bats will remain at hibernation sites for longer period and their numbers remain stable for a long time [31, [48] [49] [50] .
Winter monitoring of bats was carried out in the Tatra caves every year over a long period . The question arises as to whether the length of the monitoring period has a significant influence on the results obtained, particularly regarding the longterm changes in the numbers of hibernating bats. The period of bat hibernation in the Tatra caves is very long due to the harsh climate. Bats typically hibernate from the first days of October until the end of May [31] . The number of bats hibernating in hibernacula significantly increases from October until November/December. The number of bats is stable from January until the middle of March (changes occurring from January until the end of February are minimal). Significant changes in the number of particular bat species occur again beginning in the second half of March [31] . Therefore monitoring during such a long period probably did not show any changes in the bat population significant enough to skew the general picture of the trend. Also to note, 72% of the censuses (82.5% of the bats counted) made during 320 checks of sites monitored on a regular basis were carried out in the middle of winter -from the middle of January until the end of February, the period when fluctuations in the number of hibernating bats are minimal [31] .
Another problem with hibernation site surveys is that winter censuses may be carried out in different circumstances and in physically complex sites: particularly during cold winters, many more bats can hide in cracks and crevices [40, 51] , lowering the number of visible bats and thereby affecting the number of bats recorded. The Tatra caves are underground spaces with a large number of cracks, crevices, chimneys, rockfalls and other shelters inaccessible to observers. Does that problem in monitoring such sites in the Tatras adversely affect the analysis of long-term changes? A number of reasons suggest not: (1) Over the period of 16 years there were 320 checks of 20 regularly surveyed caves, and it is unlikely that most of the checks coincided with warmer or colder periods when the numbers of bat populations increased or decreased, respectively.
(2) The dates of the checks were picked randomly and consideration was given only to the accessibility of caves, rather than to the current thermal conditions. (3) 90.2% of all counted bats hibernated in caves having very large chambers (in some cases 80% to 90% of the cave total capacity) in which the microclimatic conditions are stable and change little over the year [52] [53] [54] . Bat hibernation conditions in most parts of these caves have remained almost the same over the years. This is the first publication presenting long-term changes in the bat fauna hibernating in a high mountain region. Our data on the fauna of bats hibernating in the caves of the Polish Tatras show quantitative as well as qualitative changes. Among the qualitative changes, the most interesting is the appearance of thermophilous species (Rh. hipposideros, M. emarginatus) in the hibernacula of the Polish Tatras. Until now these species have not been present in the caves of this region, neither in the recent fauna (up to 2001 and 2011 respectively) [27, 29, 55, 56] nor in the warmest climatic optimum of the Holocene [57] . M. emarginatus already seems to have become a permanent component of the Tatra fauna as indicated by its regular and increasingly frequent presence in the winter season (it was found at three sites), its relatively high presence (ca. 20 captured bat per season) during swarming [58] and its emergence in summer shelters [59] . The first record of Rh. hipposideros in the Polish Tatra Mountains was made in the transitional period in 2011 [29] . In the winter of 2012, a hibernating individual was observed. These two species have also expanded their winter altitudinal distributions on the north slopes of the Western Carpathians, by ca. 130 meters for Rh. hipposideros and 430 meters for M. emarginatus. Up till now the highest sites of these species were situated at 1100 and 1030 m a.s.l., respectively [44] .
The emergence of these species in winter in the caves of the Polish Tatras seems to be an effect of climate change. Climate change is predicted to change the energy demand of cave-dwelling temperate bats during hibernation and hence alter or extend their wintering range northwards [60] . The equivalent of this phenomenon in the mountains is the extension of altitudinal ranges [61] . This is probably the case for these two species in the Tatra Mounatins.
The second half of the 20 th century and the first decade of the 21 st century was a period of very dynamic changes in the population numbers of wintering bats. In a number of European countries, there were sharp decreases observed in some species such as Rh. hipposideros [9, 62] and increases in some other species such as M. daubentonii [63, 64] .
During the survey period, we noted some changes in the population numbers of bats hibernating in the Tatra caves. The most numerous taxon hibernating there, M. mystacinus sensu lato, increased markedly. Similar trends in this group have been recorded in some regions of central Slovakia [22] and in some countries of Western Europe (for example, in the Netherlands [18, 64] and central Belgium [17] ). No such increase was noted in the United Kingdom [24, http://www.bats.org.uk/pages/ whiskered_brandts_bat_population_trends.html].
In southeastern Austria its frequency in hibernation sites has declined significantly in the last decades [25] . Within the M. mystacinus group hibernating in the Tatra caves, M. mystacinus sensu stricto clearly predominates; the abundance of M. brandtii is very low. In view of these facts and the upward trends occurring within the group, the population increase of the first species seems obvious. The data related to M. brandtii are too sparse to determine whether the population of M. brandtii will also increase. The next species showing an upward trend in the Tatra caves was M. daubentonii. In the 1980s and 1990s it was also noted to be increasing in a number of Polish regions such as Lower Silesia and the Kraków-Częstochowa Upland [63] , the town of Poznań [65] and northwestern Poland [66] . The population numbers in these regions stabilized at the end of the 1990s, and a bit earlier other locations. In the two largest Polish hibernacula for the species, the number of wintering individuals has decreased slightly since 1999 in the Nietoperek Bat Reserve [T. Kokurewicz, personal communication] , and M. daubentonii showed only a slight upward trend in Szacownica Cave [23] . In many regions of Europe (e.g., central Slovakia, Bohemia) its numbers are stable, with locally moderate increases [21, 22] . In the United Kingdom, no significant upward or downward trends have been recorded since 1997 [24, http://www. bats.org.uk/pages/daubentons_bat_population_trends. html]. However, it is evidently increasing in other places, such as the hibernacula of central Belgium [17] .
For M. myotis and M. nattereri, we found no clear population trends. The numbers of M. myotis in Poland have been stable in recent years (for example in the caves of the Kraków Upland [35] and Szachownica Cave [23] ). In Slovakia, there have been moderate increases along with some local declines [22] . In the Czech Republic, steady growth in numbers has been noted since the early 1980s, where average numbers have almost doubled as compared to the 1970s [21] . The picture varies in Western Europe: in some regions, the numbers have decreased (e.g., central Belgium [17] and southeastern Austria [25] ) whereas in others there have been increases, as in south Limburg (Netherland) where its numbers tripled from 1995 to 2005 [64] . M. nattereri has evidently increased in number in most regions of Poland, for example in the Nietoperek Bat Reserve [T. Kokurewicz, personal communication] , winter quarters in central Poland [20] and Szachownica Cave [23] . A similar significant uptrend has been observed in countries of Western Europe including the Netherlands [18, 19, 64] and the United Kingdom [24, h t t p : / / w w w. b a t s . o r g . u k / p a g e s / n a t t e r e r s _ b a t _ population_trends.html].
We also noted increases in the numbers of the cold tolerant species P. auritus and E. nilssonii. The trend for P. auritus differs between regions of Europe. In Poland, it was reported to be increasing in Szachownica Cave [23] ; in the United Kingdom no significant trend has been found [24, http://www.bats.org.uk/pages/brown_long-eared_bat _population_trends.html]; in central Belgium, it was declining in some hibernacula [17] . E. nilssonii showed an evident upward trend in the largest hibernacula of Central Europe in the late 20 th and early 21 st centuries [12, 21, 41, 42] , but has stabilized in many of these hibernacula in recent years [21, 42] .
The bats hibernating in the caves of the Polish Tatra Mountains are either sedentary species (e.g., Rh. hipposideros, M. bechsteinii, M. nattereri, P. auritus) or regional migrant species (M. myotis, M. mystacinus, M. brandtii, M. daubentonii, E. nilssonii) [67] . Given this, the increase in numbers of sedentary bat species must reflect changes within the local population living in the Tatras and their immediate vicinity. The trends in the abundance of migratory bat species reflect changes not only in local populations but also in those coming from a wider area. This is the case for M. mystacinus sensu stricto. Observations during swarming and migration periods in the Tatra mountain passes and nearby caves indicate that these bats reach these swarming and hibernation sites in the Tatras from a much larger area [58, 68] .
The factors behind the observed changes in the composition of bat fauna in the caves of the Polish Tatra Mountains cannot be determined precisely, but a number of causes can be cited with confidence: climate change, forest expansion resulting from natural succession on glades, the improved quality of forest stands in the Tatra Mountains due to better forest management, a general improvement of the environment as air pollution levels have dropped in Poland and neighboring countries, and more limited use of harmful pesticides, etc.
The Tatras are a major supra-regional wintering site for bats of the mystacinus group, and their most important wintering quarters. The caves of the Tatra Mountains shelter large populations of swarming M. mystacinus sensu stricto and M. brandtii [58, 68] ; the remains of thousands of bats of this species group have been found in these caves [57] .
We should mention that we penetrated only a part of the underground zone of the Tatra Mts Some of the most inaccessible and deepest caves were not examined, and in the largest ones only small parts were accessed, such as the Great Litworowa Cave System (over 23 km), Śnieżna Studnia Cave (over 12 km), and the Wysoka-Za Siedmioma Progami Cave (ca. 12 km). Nevertheless, we have established that the Tatra Mountains are Europe's most important region for bats of the mystacinus group. Our observations of cave-dwelling bats hibernating in the Tatra high mountain region, and the changes we tracked, are similar to what has been reported from lower elevations elsewhere in Europe. These results also indicate that winter bat assemblages are an important indicator of environmental changes, and of climate change in particular.
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